Microtubule Motors: Doin' It without Dynactin
The minus-end directed microtubule motor protein cytoplasmic dynein contributes to many aspects of cell division and it is generally believed that these mitotic functions require the dynein activator and processivity factor, dynactin. New research now shows that dynein accomplishes many of its mitotic functions without dynactin.
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Cytoplasmic dynein is an ancient ATPase motor that powers minus-end directed motility along microtubule tracks. Eukaryotic cells use dynein to perform a wide range of important cellular functions, including intracellular trafficking, centrosome positioning, and cell division. Dynein localizes to the mammalian mitotic spindle, and global inhibition of dynein results in mitotic defects, but precisely how it functions in mitosis has been difficult to nail down. Dynein is a dimer of two heavy chains, each composed of a AAA ring that binds and hydrolyzes ATP; a microtubule-binding stalk; and a long tail domain. Several additional dynein subunits bind to the tail domain where they are thought to contribute to motor regulation, localization and cargo binding. Some of these additional subunits have multiple isoforms, and are post-translationally modified, but whether they serve unique functions has not been established.
In cells, dynein associates with several additional regulatory proteins. Perhaps the best known of these is dynactin, which was originally identified as a factor that increased dynein's ability to move processively along the microtubule track -which is important for long-range cargo transport [1, 2] . Early work showed that the dynactin complex is disrupted following overexpression of one of its subunits (aptly called dynamitin) [3] . Disrupting dynactin delayed mitosis, prevented chromosome alignment and caused multiple spindle defects [3] . Based on this and other evidence, it has been widely accepted that dynactin is required for all of the mitotic functions of dynein [4] [5] [6] .
Another important regulator of dynein is a complex of interacting proteins LIS1 and NudE (or its paralogue NudEL; NudE and NudEL are gene products of Nde1 and Ndel1).
Mutations in LIS1 result in the developmental brain disorder lissencephaly, which is characterized by defects in neuronal cell division and migration [6] . In vitro experiments using purified proteins show that LIS1/NudE prevents dynein detachment from the microtubule, suggesting that this regulator is important for the transport of high-load dynein cargoes. In vitro, dynactin and LIS1/NudE exhibit mutually exclusive binding to the dynein complex [7] , suggesting dynein may perform its distinct functions in cells by using different regulatory partners. Despite the appeal of this notion it is not known if dynein complexes composed of specific isoforms of various subunits and/or bound to specific regulatory proteins are tailored to carry out specific mitotic functions.
To answer this question, in a recent paper published in the Journal of Cell Biology, Raaijmakers and colleagues [8] used RNAi to deplete individual subunits of the dynein and dynactin complexes, and LIS1, NudE and NudEL, and then assayed several aspects of mitosis in human cells. Their results provide several new insights into how dynein works in mitosis.
In early mitosis, dynein localizes to kinetochores, the sites on each sister chromatid that mediate attachment to spindle microtubules. Dynein is important for the initial, lateral interaction of kinetochores with spindle microtubules; subsequently, other microtubule-binding kinetochore components establish end-on attachments of the kinetochore with spindle microtubules. Proper attachments and congression of chromosomes to the metaphase plate are required for progression through mitosis. A surveillance system, the spindle assembly checkpoint (SAC), delays mitosis until all sister chromatids become attached in a bipolar fashion to spindle microtubules originating from opposite poles [9] . Dynein contributes to the inactivation of the checkpoint by removing checkpoint proteins from kinetochores following attachment [10] . Consistent with the known role of dynein in the SAC, Raaijmakers et al. [8] found that cells depleted of dynein and dynactin were delayed in mitosis and that this was dependent on checkpoint activity. However, further analysis showed that depletion of dynein, LIS1 and NudE/NudEL but, surprisingly, not dynactin resulted in severe defects in chromosome alignment. Using cells expressing a fusion protein comprising the dynein heavy chain and GFP, Raaijmakers et al. confirmed that dynactin, and several additional regulators, including spindly and zw10, are required for dynein localization to kinetochores. Given that chromosome alignment was not impaired in the dynactin depleted cells, but kinetochore dynein was greatly reduced, the data raise the interesting possibility that the force for chromosome alignment can be generated at sites other than kinetochores.
Another surprise came when the team looked for SAC proteins at kinetochores -despite the active checkpoint in dynein-depleted cells, SAC components were not detected at kinetochores. One possibility is that the method (immunofluorescence) is not sufficiently sensitive to detect low levels of SAC components; alternatively, removal of SAC proteins is not a reliable method to evaluate the checkpoint.
Are other mitotic functions of dynein independent of dynactin? Maintaining spindle bipolarity requires a balance of forces generated by dynein and kinesin-5, but how these forces are regulated is incompletely understood [11, 12] . In their RNAi experiments, Raajimakers et al. found that dynein, but not dynactin, was involved in the force balance with kinesin-5, although it has been suggested that this method overestimates defective mitotic phenotypes [13] . Similarly, maintaining a focused spindle pole required dynein but not dynactin. Importantly, each of these dynein-dependent activities -chromosome alignment, generating forces in the spindle, and spindle pole focusing -required LIS1 and NudE/NudEL but not dynactin (Figure 1) .
So what are the contributions of dynactin to mitosis? In addition to its role in targeting dynein to kinetochores, Raaijmakers et al. found that dynactin is needed to target dynein to the nuclear envelope (NE), where it mediates centrosome attachment in late G2 [14] . In this case, however, LIS1 and NudE/NudEL were also required at the NE for centrosome attachment.
The results obtained by Raaijmakers et al. using RNAi show that dynactin is dispensable for several dynein-dependent mitotic functions, a result that differs from previous work [3, 15] . Many of the earlier experiments relied on overexpression of either the p50 dynamitin subunit or a fragment of the p150Glued subunit of dynactin (CC1); the resulting mitotic defects were generally attributed to an inhibition of the dynein/dynactin interaction. However, given the present results and those of McKenney et al. [7] , a more likely explanation is that overexpression of p50 or CC1 blocks the interaction of dynein with either dynactin or LIS1 and NudE/NudEL -and thus fails to reveal the regulator involved.
The new observation that LIS1 and NudE/NudEL, but not dynactin, is needed to regulate spindle dynein provides insight into dynein-dependent force generation in the mammalian spindle. LIS1 and NudE/NudEL have been shown to prolong dynein's attachment to microtubules [16, 17] . Analyses of fungal proteins showed that LIS1 reduces dynein motility in vitro while having a clear role in targeting and initiating dynein activity in vivo [18] [19] [20] ; however, LIS1 does not appear to associate with active, cargo-bound dynein. For instance, in budding yeast, LIS1 functions to target dynein to the microtubule plus ends, potentially accumulating dynein there by keeping it in an 'off' state, thereby allowing dynein delivery to the cortex via tip-tracking. In this case, dynactin functions as an adaptor to mediate anchoring to the cell cortex. In the mammalian spindle, although sites of active dynein are unknown, it is conceivable that sustained LIS1-dependent interactions of dynein with microtubules may be required to generate sufficient force to counteract other motors, align chromosomes, and focus microtubules at spindle poles. A recent study [8] indicates that dynein in complex with LIS1 and NudE/NudEL (not drawn) might function without dynactin in (A) balancing force generated by other motors, (B) spindle pole focusing and (C) chromosome alignment.
That dynactin is not utilized in these processes further suggests that processive motility -which is enhanced by dynactin -is not needed for at least some mitotic functions of dynein. Finally, at least one aspect of mitosis -centrosome attachment to the NE -required both regulators, indicating that perhaps centrosome anchoring is more complex than appreciated.
As is often the case, new results raise new questions (Figure 1) [1] [2] [3] . Glioblastoma stem cells have been reported to directly contribute to the tumor vasculature by transdifferentiating into endothelial cells [4, 5] . Glioblastoma stem cells and neural stem cells have many similar properties, such as the ability to transdifferentiate into endothelial cells, with neural stem cells also having the ability to transdifferentiate into pericytes [6, 7] . However, whether glioblastoma stem cells had the ability to generate vascular pericytes in tumor angiogenesis remained unknown until a new study recently published in Cell by Cheng et al. [8] , which now demonstrates that glioblastoma stem cells have the potential to generate pericytes to support vessel function and tumor growth.
In this new work, these authors found that a fraction (4-11%) of the differentiated cells derived from glioblastoma stem cells and tumorspheres under differentiation conditions in vitro are pericytes. Cheng et al. [8] further discovered that the majority of vascular pericytes (57-89%), but none of the endothelial cells, are derived from glioblastoma stem cells in glioblastoma xenografts. Using an in vivo lineage tracing system,
